Resting B cells stimulated with dextran-conjugated anti-immunoglobulin D (anti-IgD
Polysaccharide-specific immunoglobulin (Ig), induced in response to bacterial pathogens, often confers protective immunity. Whereas T cells have been shown to modulate these responses, polysaccharide-specific Ig can be induced in a Tcell-independent (TI) manner (2, (12) (13) (14) . The basis for this TI induction is unknown. Polysaccharide antigens contain multiple identical repeating antigenic epitopes capable of crosslinking membrane Ig (mIg) in a multivalent fashion on the surface of a polysaccharide-specific B cell. Thus, determining the parameters that regulate induction of polysaccharide-specific Ig requires, in part, an understanding of the functional consequences of multivalent mIg signaling. B cells specific for a particular polysaccharide are present at very low percentages in the lymphoid tissue of naive mice, making their study technically difficult. We developed a polyclonal in vitro model for multivalent mIg signaling by covalently linking multiple anti-Ig antibodies to a high-molecular-weight dextran backbone (1, 16) . Resting B cells activated with these dextran-conjugated anti-IgD antibodies (anti-Ig-dex) proliferate at picogram-permilliliter concentrations of anti-Ig, but they do not secrete Ig or undergo Ig class switching unless additional stimuli are present (16, 18, 19) .
In addition to polysaccharide antigens, bacteria, may contain a number of distinct polyclonal B-cell activators (PBA) which are capable, by themselves, of stimulating B cells to undergo DNA synthesis and mature into Ig-secreting cells. It has been unclear if, and how, these polyclonal activators participate in specific immunity to a bacterial pathogen. We recently reported that bacterial lipoproteins exhibited marked synergy with anti-Ig-dex for augmentation of proliferation and induction of Ig secretion, in the absence of any non-B cell types (20) . This suggested a model for TI induction of polysaccharidespecific humoral immunity whereby lipoproteins at concentrations that elicit little, if any, Ig secretion when acting alone induce Ig synthesis only by antigen-specific B cells which have received a multivalent mIg-mediated signal. In the current study we wished to test whether this model could be generalized to other distinct microbial constituents with demonstrated B-cell-activating properties. Porin proteins, which serve as molecular sieves on the surfaces of a number of gram-negative bacteria (4) , are capable by themselves of stimulating B-cell proliferation and Ig secretion in vitro (23, 24, 29) . Further, porins have been used as adjuvants for boosting in vivo protein-and polysaccharide-specific antibody responses (2, 10, 11, 25) , although the mechanism for this immunopotentiating ability is unknown. In this regard, a recent report demonstrated that neisserial porins, through upregulation of B7-2 expression on B cells, enhance in vitro B-cell costimulation of autologous T cells (29) . This suggested one potential mechanism for its adjuvanticity.
Previous reports on the PBA properties of porins did not address if and how porins regulate proliferation, Ig secretion, and Ig class switching in concert with other B-cell activation pathways engaged during immune responses, such as signaling through mIg or CD40. Further, it has not been determined whether the PBA effects of porins are mediated directly at the level of the resting B cell or require the participation of other, non-B, cell types. In this report we address these issues and demonstrate that porins (i) are strongly synergistic with antiIg-dex or CD40-ligand for induction of proliferation and Ig secretion, (ii) mediate these effects directly at the level of the B cell, and (iii) induce secretion of predominantly IgM (Ͼ97%), with the remainder IgG, in the presence or absence of anti-Ig-dex or CD40-ligand. We also demonstrate, for the first time, that lipopolysaccharide (LPS), at picogram-per-milliliter concentrations, also strongly synergizes with anti-Ig-dex for induction of Ig secretion.
MATERIALS AND METHODS
Mice. Female C3H/HeJ and C3H/HeN mice were purchased from The Jackson Laboratory, Bar Harbor, Maine, and were used at 7 to 10 weeks of age.
Culture medium. RPMI 1640 (Bio-Whittaker, Walkersville, Md.) supplemented with 10% fetal bovine serum (Sigma, St. Louis, Mo.), L-glutamine (2 mM), 2-mercaptoethanol (0.05 mM), penicillin (50 g/ml), and streptomycin (50 g/ml) was used for culturing cells.
Reagents. Anti-Ig-dex was prepared by conjugation of H␦ a /1 (monoclonal mouse IgG2b [b allotype] anti-mouse IgD [a allotype]) to a high-molecularweight dextran (molecular weight, 2 ϫ 10 6 ) as previously described (1). Approximately nine H␦ a /1 antibodies were conjugated to each dextran molecule. Membrane CD40-ligand was made by inserting recombinant CD40-ligand in a baculovirus expression vector, infecting Sf9 insect cells, and subsequently preparing membrane fractions (9) . Fluorescein isothiocyanate-anti-CD3ε monoclonal antibody 2C11 was purchased from Pharmingen (San Diego, Calif.). Phycoerythrin-labeled affinity-purified polyclonal goat anti-mouse IgM antibody was purchased from Southern Biotechnology Associates (Birmingham, Ala.).
Neisserial porins and LPS. Neisserial porins were purified by detergent extraction and column chromatography as described previously (27) . Briefly gonococci or meningococci, grown to log phase in liquid medium, were resuspended in 1 M sodium acetate (pH 4.0), a solution of 0.5 M CaCl 2 -5% Zwittergent 3-14 was added, and the supernatant (SN) was obtained by centrifugation after the addition of absolute ethanol to a concentration of 20%. The protein was precipitated from the SN by the addition of absolute ethanol to a concentration of 80% and then resuspended in a 50 mM Tris (pH 8.0)-5% Zwittergent 3-14 buffer. The porin was further isolated by passage over an ion-exchange column and a molecular sieve column. Negligible contamination by other proteins and LPS was demonstrated by gel electrophoresis (data not shown). Gonococcal protein IA (PIA) was isolated from gonococcal strain UU1⌬PIII, which lacks the outer membrane protein PIII (28) . The two forms of gonococcal PIB were isolated from gonococcal strains Pgh3-2⌬PIII and F62⌬PIII, which lack PIII in their outer membranes (28) . Meningococcal class 3 protein was isolated from meningococcal strain 44/76⌬1⌬4, which lacks the class I and 4 meningococcal proteins in its outer membrane (5) . These mutant neisserial strains were used to minimize protein contamination of the porin preparations. The porins were used as proteosomes, a formulation made of pure protein micelles, as described previously (26) to eliminate all detergents that could be toxic to B cells. Neisserial LPS (3.6 kDa) was kindly provided by Michael Apicella (University of Iowa Medical Center, Iowa City). Purified Escherichia coli LPS was a kind gift from Stephanie Vogel (Uniformed Services University of the Health Sciences [USUHS], Bethesda, Md.).
Preparation and culture of B cells. Enriched populations of B cells were obtained from spleen cells from which T cells were eliminated by treatment with rat anti-Thy-1, anti-CD4, and anti-CD8 monoclonal antibodies, followed by monoclonal mouse anti-rat Ig() and complement. Cells were fractionated on the basis of their density over discontinuous Percoll gradients (Pharmacia, Piscataway, N.J.) consisting of 70, 65, 60, and 50% Percoll solutions (with densities of 1.086, 1.081, 1.074, and 1.062 g/ml, respectively). The high-density (small, resting) cells were collected from the 70 to 65% interface and consisted of ϳ90% B cells. Unless indicated otherwise, these cells were used in all experiments. Highly purified resting B cells were obtained by electronic cell sorting of mIgM ϩ
CD3
Ϫ cells, from the high-density, T-cell-depleted spleen cell population described above, on an EPICS Elite cytometer (Coulter Corp, Hialeah, Fla.) after staining with fluorescein isothiocyanate-anti-CD3ε plus phycoerythrin-anti-IgM antibodies. Sorted cells were immediately reanalyzed and were found to be consistently Ͼ99% B cells. Cultured cells were incubated at 10 5 cells/ml in a total volume of 0.2 ml at 37°C in a humidified atmosphere containing 6% CO 2 Quantitation of secreted Ig isotype concentrations in culture SN. Ig isotype concentrations were measured by an enzyme-linked immunosorbent assay (ELISA). For determination of concentrations of secreted IgM, IgG3, IgG1, IgG2b, IgG2a, and IgA in culture SNs, Immulon 2 96-well flat-bottomed ELISA plates (Dynatech Laboratories, Inc., Alexandria, Va.) were coated with unlabeled affinity-purified polyclonal goat anti-mouse IgM, IgG3, IgG, and IgA antibodies (Southern Biotechnology Associates), respectively. The plates were then washed, blocked with buffer containing fetal bovine serum, and incubated with various dilutions of culture SNs and standards. After being washed, plates were incubated with alkaline phosphatase-conjugated affinity-purified polyclonal goat anti-mouse IgM, IgG3, IgG1, IgG2b, IgG2a, and IgA antibodies (Southern Biotechnology Associates) and washed again, and a fluorescent product was generated by cleavage of exogenous 4-methylumbilliferyl phosphate (Sigma) by the plate-bound alkaline phosphatase-conjugated antibodies. For determination of IgE concentrations, a similar procedure was followed except that plates were coated with monoclonal rat IgG2a anti-mouse IgE (clone EM95) (purified from ascites and a kind gift of Fred Finkelman, USUHS, Bethesda, Md.), followed sequentially by samples and standards, monoclonal biotin-rat IgG1 anti-mouse IgE (clone R35-92) (Pharmingen), streptavidin-alkaline phosphatase (Pharmingen), and 4-methylumbilliferyl phosphate. Fluorescence was quantitated on a MicroFLUOR ELISA reader (Dynatech Laboratories, Inc., Chantilly, Va.), and fluorescence units were converted to Ig concentrations by interpolation from standard curves that were determined with known concentrations of purified myeloma Ig. Each assay system showed no significant cross-reactivity or inter- For this purpose, B cells obtained from both C3H/HeN (LPS-responsive) and C3H/HeJ (LPS-nonresponsive) mice were used (21, 22) . Anti-Ig-dex alone failed to stimulate a significant IgM secretory response in either C3H/HeN or C3H/ HeJ B cells (Fig. 1) . Surprisingly, at concentrations of LPS that stimulated little if any IgM secretion in C3H/HeN B cells, addition of anti-Ig-dex at 0.3 ng/ml led to a striking induction of IgM synthesis in the absence of any additional exogenous stimuli (Fig. 1) , whereas anti-Ig-dex at 0.03 or 3 ng/ml was substantially less effective (data not shown). This was confirmed by using highly purified LPS from E. coli (data not shown). As previously reported, anti-Ig-dex at 3 ng/ml was inhibitory for IgM secretion induced by higher concentrations of LPS (17) . Antigen receptor cross-linkage, using anti-Ig-dex, was synergistic with LPS for DNA synthesis in C3H/HeN, although not C3H/HeJ, B cells (data not shown), similar to results previously reported for LPS-responsive B cells from other strains (6, 7, 17) . To our knowledge, this is the first direct demonstration that, under appropriate conditions, combined antigen receptor cross-linkage and LPS stimulation is strongly synergistic for induction of B-cell maturation to IgM secretion. This result suggests that LPS could provide critical second signals for induction of Ig secretion by mIg-activated B cells in a TI manner. By contrast, neither neisserial nor E. coli LPS by itself or in concert with anti-Ig-dex induced any detectable IgM secretion in C3H/HeJ B cells (Fig. 1) . Thus, in all subsequent studies using neisserial porins, we utilized C3H/HeJ B cells.
Neisserial porins synergize with anti-Ig-dex for DNA synthesis. Three distinct classes of highly purified neisserial porins were tested for their ability to stimulate DNA synthesis by resting B cells from C3H/HeJ mice in the presence or absence of anti-Ig-dex. Class 3 protein (Neisseria meningitidis) or PIA or PIB (Neisseria gonorrhoeae) was added at various concentrations in the presence or absence of anti-Ig-dex (0.03 to 3 ng/ml), and DNA synthesis was determined 72 h after initiation of culture. All three porins by themselves stimulated a dosedependent increase in DNA synthesis (Fig. 2) , as has been previously reported (29) . Optimal levels of DNA synthesis were observed at 10 g of porin per ml, whereas 1 g/ml was barely stimulatory. Also as previously reported, anti-Ig-dex by itself stimulated DNA synthesis, with optimal induction at 3 ng/ml and minimal induction at 0.3 ng/ml (data not shown). Of interest, the combination of either optimal or suboptimal amounts of porin with a suboptimal dose of anti-Ig-dex (0.3 ng/ml) led to a strong, synergistic enhancement in DNA synthesis (Fig. 2) . Anti-Ig-dex at 3 or 0.03 ng/ml had only modest, if any, synergistic effects when acting in concert with various concentrations of any of the three porins (data not shown).
Porins synergize with anti-Ig-dex for induction of IgM secretion. Class 3 protein, PIA, and PIB were further tested for their ability to stimulate IgM secretion in the presence or absence of anti-Ig-dex. With resting B cells, all three porins, acting alone, stimulated optimal IgM synthesis at 10 g/ml, as was the case for optimal DNA synthesis (Fig. 3) . By contrast, only modest inductions of IgM secretion were observed at 1 g of porin per ml. As previously reported, anti-Ig-dex by itself stimulates little if any IgM secretion by resting B cells. However, the combination of 0.3 ng of anti-Ig-dex per ml and optimal or suboptimal amounts of porin led to dramatic increases in the secretion of IgM (Fig. 3) . Anti-Ig-dex at 0.03 or 3 ng/ml was far less effective at augmenting IgM secretion in the presence of various concentrations of porin (data not shown).
Porins act synergistically with CD40-ligand for induction of DNA synthesis and IgM secretion. Stimulation of resting B cells through CD40 represents an activation pathway functionally and biochemically distinct from that mediated through mIg (15) . Whereas anti-Ig-dex is an in vitro model for TI type II (polysaccharide) responses, CD40-ligand is used to simulate B-cell activation during T-cell-dependent responses to protein antigens. We thus wished to test whether porins may also provide functionally relevant signals to B cells during T-celldependent immune responses. We utilized membrane-bound CD40-ligand, which by itself induces only a modest increase in DNA synthesis and no detectable IgM secretion (9) . The combination of CD40-ligand and either optimal or suboptimal amounts of class 3 and/or PIA porin led to a synergistic increase in both DNA synthesis and IgM secretion (Fig. 4) similar to what was observed with anti-Ig-dex and porins. The Ig-inducing effects of porins are mediated directly at the level of the B cell. Previous studies on porin-induced DNA synthesis and/or Ig secretion utilized B-cell-enriched, but not pure, populations of B cells (23, 24, 29) and thus left unresolved whether the effects observed were mediated directly at the level of the B cell. To address this question, we obtained resting B cells at Ͼ99% purity through electronic cell sorting and stimulated them with several concentrations of porin in the presence of anti-Ig-dex or CD40-ligand. The IgM secretory responses of sort-purified resting B cells were directly compared with the responses of a standard population of T-celldepleted resting spleen cells. As indicated in Fig. 5 , no significant differences in induction of IgM secretion were observed between the sort-purified and B-cell-enriched populations. Thus, porins acted directly at the level of the B cell to costimulate IgM secretion without a requirement for additional cell types.
Porins costimulate mostly IgM, and some IgG, secretion in concert with anti-Ig-dex or CD40-ligand. In a final set of studies, we tested the capacity of class 3 and PIA porins to stimulate Ig class switching, either alone or in concert with anti-Igdex or CD40-ligand, in the absence of exogenous cytokines. With an optimal concentration of porin, a predominantly IgM secretory response was observed (Table 1) , with much smaller amounts of IgG. IgG induction by class 3 porin consisted mostly of IgG3 and IgG2a, whereas PIA stimulated IgG1 and IgG2b, in addition to IgG3 and IgG2a. No detectable IgE or IgA secretion was observed with either porin. Anti-Ig-dex, while strongly augmenting the IgM secretory response to either porin, led to only modest, if any, further increases in IgG secretion relative to that observed with porin alone (Table 1) . Indeed, anti-Ig-dex inhibited porin-induced IgG2b secretion. Likewise, while CD40-ligand strongly augmented porin-mediated IgM secretion, its enhancement of the porin-induced IgG secretory response was relatively modest, if at all. Like antiIg-dex, CD40-ligand inhibited porin-induced IgG2b secretion. The combination of anti-Ig-dex or CD40-ligand with class 3 protein or PIA did not lead to detectable IgE or IgA secretion (Table 1) . Thus, the combination of anti-Ig-dex or CD40-ligand and porin leads to a predominantly IgM secretory response.
Collectively, these data confirm that porins, by themselves, stimulate proliferation and Ig secretion by resting B cells (23, 24, 29) . Further, our data extend previous work by demonstrating that porins, at concentrations that by themselves are minimally inductive, are strongly synergistic for both proliferation and Ig secretion by resting B cells activated with anti-Ig-dex or CD40-ligand. We further show that these effects of porins are mediated directly at the level of the B cell without a requirement for additional cell types. Finally, the data indicate that unlike LPS (8) , porins are relatively ineffective at mediating Ig class switching, stimulating the synthesis of mostly IgM. The use of LPS-nonresponsive C3H/HeJ B cells in this study further supports the notion that the observed effects of porins were not due to contaminating LPS.
These data and our previous data (19, 20) obtained by utilizing anti-Ig-dex suggest that a number of distinct microbial constituents, including LPS, lipoproteins, and bacterial DNA, as well as porins, may each deliver key second signals for induction of polysaccharide-specific TI immunity in response to challenge with polysaccharide-containing bacteria that express one or more of these B-cell-activating components. The further observation of potent synergy between CD40-ligand and porins, LPS, or lipoproteins for induction of Ig (19, 20) also suggests a physiological role for these microbial constituents in augmenting T-cell-dependent components of anti-bacterial humoral responses. Finally, these data obtained with anti-Ig-dex and CD40-ligand may help to explain the potent immunopotentiating effects of porins when used to adjuvant polysaccharide-and protein-containing vaccines, respectively (3, 10, 11, 25) . 
